INTRODUCTION
The histiocytic disorders are a heterogeneous group of proliferative neoplasms originating from monocyte and macrophage lineages. The most common of these, Langerhans cell histiocytosis (LCH), is characterized by heterogeneous lesions containing pathologic dendritic cells that express CD207 (Langerin), along with mixed inflammatory infiltrate [1] . LCH lesions primarily involve bone, skin, lymph nodes, lungs, liver, thymus, spleen, bone marrow, and/or the central nervous system (CNS) [2, 3] .
Refractory and recurrent multisystem LCH poses a significant therapeutic challenge. Patients with risk-organ (liver, spleen, or bone marrow) disease have estimated five year overall survival of approximately 85% but often require intensive therapy, including bone marrow and/or solid organ transplantation [4] [5] [6] . Responses to regimens including cladribine (2-chlorodeoxyadenosine, or 2-CdA), cytarabine, or combinations have been reported, though durable responses are not consistent [7] [8] [9] [10] [11] . More intensive therapeutic regimens such as combined cladribine/cytarabine are also associated with substantial acute toxicity and delayed immune reconstitution [9, 12] .
Additionally, no standard treatment exists for patients with highrisk manifestations of other more rare histiocytic disorders, including juvenile xanthogranuloma (JXG) and Rosai-Dorfman disease (RDD; also known as sinus histiocytosis with massive lymphadenopathy). Patients with systemic and/or central nervous system JXG have been successfully treated with vinca alkaloid-and steroid-containing regimens. However, significant morbidity and death have been reported in patients with disseminated systemic or central nervous system disease despite therapeutic intervention [13] . RDD is generally self-limited but may require therapy when significant morbidity or life-threatening complications, such as airway obstruction or organ compromise, occur. No clinical trials have been conducted for therapy in RDD, but patients have been treated with methotrexate and 6-mercaptopurine, or with cladribine [14] [15] [16] .
Clofarabine has been suggested as a potential agent for treating refractory or recurrent LCH [17] . Clofarabine is a secondgeneration purine analog, similar in structure to cladribine and Background. Existing therapies for recurrent or refractory histiocytoses, including Langerhans cell histiocytosis (LCH), juvenile xanthogranuloma (JXG), and Rosai-Dorfman disease (RDD), have limited effectiveness. We report our experience with using clofarabine as therapy in children with recurrent or refractory histiocytic disorders, including LCH (11 patients), systemic JXG (4 patients), and RDD (3 patients). Methods. Patients treated with clofarabine for LCH, JXG, or RDD by Texas Children's Hospital physicians or collaborators between May 2011 and January 2013 were reviewed for response and toxicity. Results. Patients were treated with a median of three chemotherapeutic regimens prior to clofarabine. Clofarabine was typically administered at 25 mg/m 2 /day for 5 days. Cycles were administered every 28 days for a median of six cycles (range: 2-8 cycles). Seventeen of 18 patients are alive. All surviving patients showed demonstrable improvement after two to four cycles of therapy, with 11 (61%) complete responses, 4 (22%) partial responses, and 2 patients still receiving therapy. Five patients experienced disease recurrence, but three of these subsequently achieved complete remission. All patients with JXG and RDD had complete or partial response at conclusion of therapy. Side effects included neutropenia in all patients. Recurring but sporadic toxicities included prolonged neutropenia, severe vomiting, and bacterial infections. Conclusion. Clofarabine has activity against LCH, JXG, and RDD in heavily pretreated patients, but prospective multi-center trials are warranted to determine long-term efficacy, optimal dosing, and late toxicity of clofarabine in this population. Pediatr Blood Cancer 2014;61:479-487. # 2013 Wiley Periodicals, Inc.
fludarabine, except that its biochemical modifications enhance its resistance to deamination and degradation. It is converted in vivo to its active form, clofarabine 5 0 -triphosphate, which subsequently inhibits DNA polymerase and ribonucleotide reductase [18] . Though only a small percentage of the drug penetrates the blood-brain barrier, cytotoxic concentrations of the drug are achieved in cerebrospinal fluid [19] . It is approved for use in the United States for treatment of relapsed acute lymphoblastic leukemia in children, and it is being tested in multiple clinical trials of hematologic malignancies [20, 21] .
Clofarabine has been reported to have some effectiveness in treating recurrent risk-organ LCH [17, 22] . Here, we conduct a retrospective review of the use of clofarabine in recurrent or refractory risk-organ LCH, as well as non-risk-organ LCH, JXG, and RDD.
METHODS

Patients
Patient charts were reviewed in accordance with IRB-approved protocols at Baylor College of Medicine. All patients treated at Texas Children's Hospital from May 2011 to January 2013 with this regimen were reviewed. Additionally, all patients known to the Texas Children's Hospital group from collaborating institutions who were treated with clofarabine were offered study enrollment. Patients treated at other institutions were consented by Baylor College of Medicine researchers for chart review and for release of information.
Statistics
Disease response was assessed and reported using the categories established in the Histiocyte Society Evaluation and Treatment Guidelines [23] 
RESULTS
Patients
Patients were diagnosed with LCH (n ¼ 11), JXG (n ¼ 4), or RDD (n ¼ 3; Table I ). Patients had a median age of 22 months at diagnosis and were treated with a median of 3 separate treatment regimens prior to initiation of therapy with clofarabine. Clofarabine was started in patients with persistent disease or new lesions. Common therapies given prior to clofarabine included vinblastine/ prednisone, cladribine, and cytarabine (Table I) . One patient received pretreatment with combined high-dose cladribine and cytarabine [9] . One infant patient with congenital central nervous system JXG started clofarabine as initial therapy.
Clofarabine was started in 15 of 18 (83%) patients at a dose of 25 mg/m 2 /day for 5 days as published previously [17] . Two patients started at a dose of 50 mg/m 2 /day, given severe burden of disease and poor response to previous chemotherapy. One patient, a 2-month old infant, was administered weight-based dosing of clofarabine (0.8 mg/kg/day). Cycles of therapy were administered every 28 days, unless delayed by toxicity, and all patients received at least two cycles. Patients had repeat imaging of their lesions after two cycles and (in most cases) every two cycles thereafter. Intended duration of therapy was six cycles for most patients, except for those patients who did not experience a complete response at this time point. All patients had multifocal disease (Table I) .
With median follow-up of 10.5 months after initiation of clofarabine, 15/18 patients demonstrated improved disease after two cycles of therapy, with one patient having a complete response at this time point (Table II) . All patients with JXG and RDD demonstrated improvement at this time point. Three patients with LCH demonstrated mixed response (some lesions better, some lesions worse). One such patient had response of existing lesions but developed new marrow disease, and alternate therapy was pursued. Clofarabine was continued, and subsequent disease improvement seen, in the remaining 17 patients. Eleven patients (61%) experienced complete response with a total of two to eight cycles (median 6 cycles). Four patients (22%) achieved better/regression response but did not achieve NAD. In two of these four patients, subsequent disease progression occurred after clofarabine was discontinued, while two patients have maintained good disease control with continued low-dose therapy (25 mg/m 2 /day Â 2 days/ month). Two additional patients, with demonstrated regression, are still receiving primary therapy.
To date, 5 of 18 patients (2 LCH, 1 JXG, 2 RDD) have experienced disease progression or recurrence after clofarabine therapy. One patient progressed on therapy; the other four recurred after therapy cessation. Estimated 1 year progression free survival is 62% and overall survival is 94% (Fig. 1A) . Three patients achieved subsequent complete disease response after recurring postclofarabine: two patients (#5, #14) experienced complete remission upon reintroduction of clofarabine (in one case in combination with cytarabine), and a patient with Rosai-Dorfman disease (#17) remains disease free after curettage of new, isolated bone lesions.
LCH
Eleven LCH patients were treated and three had risk-organ involvement. Of the eight patients without risk-organ disease, two had lung plus other sites, four patients had CNS or CNS-risk lesions, and two patients had multifocal disease limited to bone. Overall, eight patients with LCH (73%) experienced disease improvement after two cycles of therapy; the other three patients had mixed response but two of these had improvement of all lesions with continued therapy. Seven patients have maintained a complete response after completion of therapy. Two patients experienced progressive disease, and two patients are still receiving therapy. Estimated 1-year PFS for the LCH cohort is 76% and OS is 91% (Fig. 1B) .
One patient with risk-organ disease (#1) demonstrated regression of all lesions on therapy after four cycles of clofarabine therapy; two patients with risk-organ disease recurred. Patient #11 presented with rash at 4 months of life, and was diagnosed 4 months later with LCH. Over the next 3 years, she developed severely exudative, denuded scalp and profound urethritis requiring bladder catheterization. At age 3 years she developed rapidly progressive disease with new orbital and skull lesions, cervical lymphadenopathy, and bone marrow involvement of LCH. She had intermediate/ stable disease after 6 months of cladribine and cytarabine and was switched to clofarabine. She received two cycles of therapy (Table II) complicated by chemotherapy-associated fever, pancytopenia requiring transfusion support, Bacillus bacteremia, and Micrococcus bacteremia. She had improvement of all lesions but developed new leg pain and lesions in her bilateral iliac crests, as well as hypermetabolic state with rapid weight loss. Bone marrow biopsy after two cycles of clofarabine showed pathology consistent with concomitant LCH (CD1aþ, CD207þ histiocytes) and JXG (population of CD68þ, CD1aÀ, S100À cells). She developed hemophagocytic syndrome and started etoposide and dexamethasone therapy. Over the next 2 months she had continued disease progression and died.
The other recurrence occurred in a patient (#5) with risk-organ involvement and substantial lymphadenopathy. After failing vinblastine/prednisone and cytarabine/vincristine therapy, she received clofarabine at standard dose for three cycles with mixed response. She achieved disease regression with 3 monthly cycles of clofarabine at 50 mg/m 2 /day for 5 days and continued on twicemonthly clofarabine. She developed skin, lymph node, hepatosplenic, and otic recurrence 11 months after starting treatment, but subsequently achieved complete remission with two cycles of clofarabine 25 mg/m 2 /day plus cytarabine 500 mg/m 2 /day for 5 days/cycle.
JXG
Four patients (#12-15 on this study) were diagnosed with JXG. Three patients presented with central nervous system disease, and one presented with high-risk systemic disease. All patients experienced significant clinical improvement following treatment with clofarabine.
Patient #12 presented at birth with congenital hydrocephalus without mass lesion detected on MRI at that time. He had a seizure at 2 months of life, and MRI showed 2.3 cm Â 2.1 cm Â 2.3 cm enhancing mass ( Fig. 2A) in the right dorsolateral midbrain. Brain biopsy was consistent with JXG. Several other additional CNS nodules were detected radiographically. The patient was started on clofarabine as front-line therapy, dose modified for weight-based dosing (0.8 mg/kg/day Â 5 days) due to the child being an infant. After two cycles of therapy his tumors regressed (Fig. 2B) . While neutropenic, he experienced a pseudomeningocele infection with methicillin-sensitive Staphylococcus aureus, which resolved with intravenous antibiotic therapy. After six cycles of therapy, his cerebellar lesions continued to regress, though he had persistent lesions in the brainstem. He received clofarabine at lower cumulative dose (25 mg/m 2 /day Â 2 days/month) for another 6 months, with continued regression of the brainstem lesions.
Patient #13 presented at 15 months of age with episodes of perioral cyanosis and near-syncope, as well as numerous annular, erythematous, hyperpigmented skin lesions 2 cm in diameter. Skin biopsy confirmed the diagnosis of JXG. MRI brain demonstrated numerous enhancing parenchymal masses with low T2 signal and significant diffusion restriction (Fig. 2C) , consistent with CNS involvement by JXG. Twelve-week courses of vinblastine/prednisone (according to LCH-III) and later cladribine demonstrated minimal response (Fig. 2D) , so the patient was switched to clofarabine 25 mg/m 2 /day for 5 days/cycle. After eight cycles of therapy he showed resolution of most CNS lesions (Fig. 2E) , and better/regression response of skin and lung disease. He received lower-dose therapy (clofarabine 25 mg/m 2 /day Â 2 days/cycle) for two cycles with continued regression of lung lesions, then with no progression off-therapy for 5 months.
Patient 14 presented with a 2-month history of rash followed by fever, night sweats, weight loss, progressive lethargy, lymphadenopathy, Pediatr Blood Cancer DOI 10.1002/pbc Pediatr Blood Cancer DOI 10.1002/pbc organomegaly, anemia, and thrombocytopenia. Bone marrow biopsy showed infiltration by fascinþ, Factor XIIIaþ histiocytes consistent with JXG [24] . Computerized tomography (CT) imaging studies demonstrated infiltrative disease in the liver, spleen, and kidneys. She received two cycles of cladribine (5 mg/m 2 daily for 5 days). While receiving cladribine, she developed progressive, massive cervical lymphadenopathy, confirmed to be JXG on lymph node biopsy, with persistent bone marrow and worsening liver disease. Given the rapidly progressive nature of her disease, she was started on clofarabine 50 mg/m 2 /day, in combination with cytarabine 1 g/ m 2 /day, for 5 days/cycle [25] . Over the next several weeks her cervical lymphadenopathy and organomegaly resolved. She experienced prolonged neutropenia after this cycle, later developing Serratia marcescens bacteremia and a perirectal phlegmon with myositis and rectal fistula. After marrow recovery and resolution of infection, she received clofarabine at 25 mg/m 2 /day Â 5 days/cycle for five additional cycles with complete disease resolution and no further serious toxicity. She had isolated cutaneous recurrence 7 months off therapy, which resolved with one course of clofarabine at lower dose (10 mg/m 2 /day Â 2 days), and is now disease free.
Patient #15 presented with skin rash and ocular mass. She received two courses of cytarabine with no response, followed by vinblastine, cytarabine, and methotrexate for 3 months with enlargement of pituitary mass. She experienced better/regression response with cladribine therapy for 9 months, with reduction in volume of ocular mass by 70%. While on therapy, however, she 
RDD
Three patients with Rosai-Dorfman disease were treated with clofarabine. The first patient (#16) presented at 11 years of age with a 3-month history of proptosis; subsequent imaging demonstrated an infiltrative neoplasm of the bilateral orbits with adjacent decreased T1-weighted bone marrow signal (Fig. 3A) . Orbital biopsy confirmed the diagnosis of Rosai-Dorfman disease. Numerous chemotherapy treatments given over a 7-year span (Table II) led to minimal regression. After receiving no therapy for 18 months, the patient developed worsening headaches, and progressive disease was demonstrated by MRI. She was started on clofarabine 25 mg/m 2 /day Â 5 days/cycle. After six cycles of therapy, she had complete resolution of her disease (Fig. 3B) , with preservation of normal muscular architecture. She remained disease and symptom free 17 months from start of clofarabine.
A second patient (#17) presented at age 11 with a 9-month history of left foot pain and a lesion in his left talus, which was confirmed as RDD on biopsy. He had stable disease with vinblastine-based therapy and radiation. He developed a new nodule of the external ear canal 11 months after diagnosis, at which time cladribine was started. He had no active disease after 6 months of cladribine therapy. Approximately 1 year after completing cladribine, he developed increasing foot pain and left navicular erosion, becoming nonambulatory. He also developed new femur lesions, otitis externa, and new lymphadenopathy. He started clofarabine therapy with complete disease response after six cycles and resumed normal ambulation. Routine post-therapy MRI screening demonstrated new navicular lesions, which were biopsy-confirmed recurrence of Rosai-Dorfman disease. He underwent subsequent curettage and bone grafting with resolution of symptoms.
A third patient (#18) presented at age 8 with bilateral proptosis and orbital masses. Initial biopsies were misdiagnosed as idiopathic orbital inflammation. The patient had no response to multiple chemotherapeutic agents or radiotherapy (Table II) . After 3 years of observation, she had radiographic and clinical progression with decreased vision in the left eye. She was treated with mycophenolate before undergoing bilateral orbitotomy and debulking, wherein the diagnosis of Rosai-Dorfman disease was made. After this diagnosis, she subsequently had no response to rituximab, cladribine, methotrexate, or dasatinib. Clofarabine was started ten years after symptom presentation, and for the first time she had demonstrable shrinkage of the tumors and improvement of proptosis. She completed four cycles of therapy, but 4 months after clofarabine was discontinued, her masses progressed.
Toxicity
Toxicity data were available for 17 patients, with median followup 10.5 months. The most common toxicities were hematologic. All patients developed grade 4 neutropenia (absolute neutrophil count <500/ml). 
Dose Adjustments
Two dose adjustments were made for toxicity. Patient #14 required dose decrease from 50 to 25 mg/m 2 /day due to prolonged neutropenia after the first cycle, with continued good clinical response at the lower dose. Patient #7 required 20% dose reduction after the first cycle due to severe emesis, with subsequent complete response. 
DISCUSSION
In this retrospective review of clofarabine therapy in patients with refractory or relapsed histiocytic disorders, we identify disease response classifiable as better/complete resolution or better/ regression in 17 of 18 patients. Though estimated 1-year PFS was 62%, these results were achieved in a heavily pretreated population, with a median of three prior therapy failures. Moreover, even when patients had disease progression or recurrence, retreatment with additional clofarabine (or in one case, surgery) resulted in subsequent complete response in three of five patients.
Impressive responses were seen in patients diagnosed with JXG and RDD, including those with central nervous system involvement and those with heavily pretreated disease. Of note, the patients on this study with central nervous system JXG had life-threatening morbidity including seizures, hydrocephalus, or brainstem involvement. Two of the patients received maintenance clofarabine therapy (25 mg/m 2 /day Â 2 days/month) because of residual lesions and are now off treatment. Larger numbers of patients will be needed to assess durability and extent of response in CNS-specific lesions. Two of the three patients with Rosai-Dorfman disease recurred off therapy after significant responses, raising the question of whether these patients need longer-term or maintenance therapy to prevent recurrence.
Our experience suggests that eradication of disease prior to cessation of therapy is necessary for progression-free survival, although this study is not powered to determine this definitively. Of the five patients with disease progression, one LCH patient required alternate therapy after two cycles, two patients (1 LCH, 1 RDD) progressed after having residual disease at the end of clofarabine therapy, and two patients (1 JXG, 1 RDD) recurred after complete remission (CR). One patient (JXG) had skin-only recurrence that resolved with one course of additional low-dose clofarabine. Additionally, two patients with improved but residual disease in this cohort are receiving clofarabine maintenance therapy at lower cumulative dose after six to eight cycles of full dose therapy. Lower dose therapy was administered in some patients due to concerns regarding risk of prolonged drug exposure resulting in long-term secondary complications, such as myelodysplastic syndrome or leukemia. It remains to be seen whether a maintenance approach will effectively eradicate residual disease, prevent recurrence, and/ or mitigate risk of second malignancy.
While clofarabine has promise as a novel agent in risk-organ and multisystem LCH, it was not universally curative either in our cohort or in previously published studies [22] . The two LCH patients with eventual disease progression in our series had multiple risk-organ involvement and a heavy disease burden, highlighting the continued need for novel treatment strategies in children with risk-organ LCH.
The acute toxicity profiles in this study are consistent with other therapeutic approaches for refractory histiocytoses [7, 22] . Neutropenia and transfusion dependence occurred as expected. While high-grade bacterial infections occurred in five patients, no patients experienced septic shock or need for ICU admission once clofarabine was started. Due to risk of prolonged neutropenia, we recommend against use of clofarabine doses higher than 25 mg/m 2 / day or clofarabine combination therapy except in patients with severe disease burden or poor response to lower doses. Pulmonary edema and systemic inflammatory response syndrome have been reported with clofarabine, but occurred in only one of our patients, possibly due to the fact that this patient population has not been heavily pretreated with total body irradiation or busulfancontaining regimens that may predispose patients to these side effects.
This study's limitations include small numbers of patients, retrospective analysis, and lack of long-term follow-up for outcomes and toxicity, including potential for secondary malignancy. The optimal dosing, schedule, and duration of clofarabine therapy in these patients also remain to be defined. While the manufacturer recommended dose for leukemia therapy is 50 mg/ m 2 /dose Â 5 days/cycle, this study suggests lower doses may be adequate to treat refractory LCH, JXG, and RDD. The minimum effective dose remains to be tested. Furthermore, clinicians must weigh the risks of persistent active disease with the risks of therapy for an individual patient. For example, while non-risk organ LCH is rarely fatal, persistent active disease can cause significant morbidity including diabetes insipidus and other endocrinopathies, impaired growth, hearing loss, chronic pain, or neurodegeneration [26] . Additionally, persistent LCH and non-Langerhans cell histiocytoses with risk-organ involvement is generally fatal. This retrospective study suggests that clofarabine may have activity against refractory LCH, JXG, and RDD. Prospective multi-center trials are warranted to determine efficacy, optimal dosing, and longterm toxicity of clofarabine for these patients.
